Small-angle neutron scattering (SANS) experiments have been performed on large unilamellar liposomes prepared from 1,2-dilauroylphosphatidylcholine (DLPC), 1,2-dimyristoyl-phosphatidylcholine (DMPC) and 1,2-distearoylphosphatidylcholine (DSPC) in heavy water by extrusion through polycarbonate filters with 500 A î pores. The neutron scattering intensity I(Q) in the region of scattering vectors Q corresponding to 0.0015 A î 32 9 Q 2 9 0.0115 A î 32 was fitted using a step function model of bilayer neutron scattering length density and supposing that the liposomes are spherical and have a Gaussian distribution of radii. Using the lipid volumetric data, and supposing that the thickness of bilayer polar region equals to d H = 9 þ 1 A î and the water molecular volume intercalated in the bilayer polar region is the same as in the aqueous bulk aqueous phase, the steric bilayer thickness 
Introduction
It is well known that the thickness of the lipid bilayer profoundly a¡ects the properties of transmembrane proteins. Textbook examples are the lowering of the stability of open gramicidin A channels caused by the thickness increase [1] , the requirement of optimal thickness for maximal activity of (CaMg)ATPase [2] or (Na-K)ATPase [3] , and the ion channel blockage under conditions when the bilayer thickness is larger [4] or smaller [5, 6] than optimal. The change in the thickness can a¡ect the conforma-tion [7^9] and/or the lateral aggregation [10, 11] of transmembrane proteins. On the other hand, the bilayer can adjust its thickness to match the length of the hydrophobic surface of the protein [12^14] . Determination of the bilayer thickness is thus very important for the characterization of parameters in£u-encing protein^bilayer interactions in membranes.
The simplest method of obtaining bilayer thickness d L is the evaluation of small-angle X-ray scattering (abbreviation SAXS) or small-angle neutron scattering (abbreviation SANS) on lamellar phases of phospholipids according to Luzzati [15] . It is assumed that the water molecules do not penetrate into phospholipid bilayers. By measuring the relative volumes of water and phospholipid in the sample, one divides the lamellar repeat period, d, into d L and the thickness of water layer between the bilayers, d W . The precision and reliability of d L determination depends on the precision of estimation of the water volume between lamellae. In contrast to the ordered lamellar phase with £at bilayers at low water content, the increase of water content is accompanied by a formation of multilamellar liposomes with curved bilayers and with a large amount of water located not only between the bilayers but also between liposomes [16] . When using the sample content of water for the thickness evaluation, the value obtained is thus £awed [17^20] . The second source of error is the assumption that there are no water molecules located in the bilayer polar region, i.e. that the bilayer is`dry'. In the second method, the SAXS or SANS on the lamellar phase is evaluated to obtain the electron density pro¢le or the neutron scattering length density pro¢le of the bilayer, respectively [202 4] . In the electron density pro¢le the high intensity peaks correspond to the electron dense phosphate fragments in phospholipid head groups. The head group peak^peak distance across the bilayer, d HH , is then used to calculate the thickness of the bilayer using the known or assumed distance to the outer edge of the bilayer [20, 25] . When using the SANS, the obtained neutron scattering length density pro¢les of deuterium-labeled and protonated phospholipids allow the determination of positions of selectively deuterated phospholipid groups and/or water molecules [26^28] .
An alternative way of obtaining the thickness of bilayers is to use unilamellar liposomes. In this case, the SAXS intensity scattering function is Fouriertransformed to obtain the distance distribution function and the bilayer thickness is inferred from it [293 1] or, after inversion of the SAXS scattering function, the thickness is obtained from the position of the ¢rst positive non-origin peak in the Patterson function [31, 32] . When using the SANS, the bilayer thickness can be obtained from the Kratky^Porod plot of the scattering function in the small range of scattering vectors (see [19,33^40] and references therein), or by ¢tting the scattering function in a broader range of scattering vectors using a suitable model of the liposomes [41^46] .
In the present paper, the thickness of the bilayer in the large extruded unilamellar liposomes from 1,2-diacylphosphatidylcholine with saturated acyl chains (diCn:0PC, n is the number of carbon atoms in the acyl chain) at temperatures above the gel^£uid phase transition is estimated by using the SANS method. In combination with the volumetric data, the area of lipid at the bilayer^aqueous phase interface is extracted from the SANS data. Finally, the joint evaluation of SANS and SAXS data obtained with unilamellar liposomes is used to determine the distance between the electron dense phosphate fragment and the boundary between the polar and hydrocarbon region of the bilayer.
Materials and methods
Synthetic diC12:0PC, diC14:0PC and diC18:0PC were purchased from Avanti Polar Lipids (USA). Heavy water (99.98% 2 H 2 O) was obtained from Izotop (Moscow, Russia).
Heavy water and phosphatidylcholine diCn:0PC were mixed in a glass tube, the tube was purged with pure gaseous nitrogen and sealed with Para¢lm M (American National Can, Greenwich, USA) or with a stopper. First, the multilamellar diCn:0PC liposomes were prepared: The diCn:0PC in 2 H 2 O was dispersed by hand shaking and sonication in a bath sonicator at a temperature above the gel^liquid crystal phase transition temperature of corresponding diCn:0PC dispersion [47] . From the dispersion of multilamellar liposomes, extruded unilamellar liposomes were prepared according to MacDonald et al. [48] using the LiposoFast Basic extruder (Avestin, Ottawa, Canada). The multilamellar liposomes were extruded through two polycarbonate ¢lters (Nuclepore, Plesanton, USA) with pores of diameter 500 A î mounted in the extruder ¢tted with two gas-tight Hamilton syringes (Hamilton, Reno, USA). The sample was subjected to 79 passes through the ¢lters at a temperature above the gel^liquid crystal temperature of the lipid dispersion. An odd number of passes were performed to avoid contamination of the sample by large and multilamellar vesicles, which might not have passed through the ¢lter. The maximum diCn:0PC concentration in each sample was 1% (w/w). The samples were £ushed with the pure gaseous nitrogen, sealed and stored at room temperature. The maximum period between the sample preparation and its measurement was 3^4 h.
The SANS measurements were performed at the small-angle time-of-£ight axially symmetric neutron scattering spectrometer MURN (named now YuMO in honor of deceased Yu. M. Ostanevich) at the IBR-2 fast-pulsed reactor of the Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research in Dubna [49, 50] . The spectrometer is equipped with the circular multiwire proportional 3 He detectors [50, 51] . The samples were poured into quartz cells (Hellma, Mu « llheim, Germany) to provide the 2 mm sample thickness. The sample temperature was set and controlled electronically with the precision of þ 0.1³C. The cell with sample was equilibrated for 1 h at the given temperature in the sample holder before measurement. The scattering patterns were corrected for background e¡ects and the neutron scattering cross section was obtained by using a vanadium standard scatterer as described in [50] . Fig. 1 shows the plot of the typical experimental SANS scattering curve, I(Q), of unilamellar liposomes as a function of the scattering vector Q which is de¢ned as:
Results and discussion

Experimental data
where 2 a is the scattering angle and V the wavelength of neutrons. It is seen from the Fig. 1 that the relative accuracy of I(Q) values is decreased at larger Q values. This is due to reduction of SANS with the increase of the scattering angle. The neutron scattering intensity per unit neutron £ux on the sample and per unit volume for a monodisperse system can be written as:
where N P is the number of particles, P(Q) is the particle structure factor and S(Q) is the size-and orientation-dependent interparticle structure factor which depends on the number of particles and ionî on and dipole^dipole interactions between their surfaces [52] . It has been found experimentally, that at the PC concentration in the sample as used in the present study (1% w/w) S(Q)w1 [33, 34, 53, 54] , and deviations occur at concentrations v 2% (w/w) (M.A. Kiselev, P. Lesieur, A.M. Kisselev, D. Lombardo, in preparation, see also [54, 55] ).
Kratky^Porod analysis of experimental data
In analogy to the scattering on planar two-dimensional sheet which thickness is small in comparison to its lateral dimensions [52, 56] , several groups of authors [19, 33, 34, 37, 38, 54, 57, 58] have supposed that in the small range of scattering vectors the scattering intensity for unilamellar liposomes dispersed in Fig. 1 Table 1 . We have included in this table also the available data for unilamellar egg yolk phosphatidylcholine (EYPC) liposomes. The R g and d g values were obtained from our experimental SANS data published in [19] but recalculated in the present work using the 0.0015 A î 32 9 Q 2 9 0.0115 A î 32 region. The d HH value for EYPC liposomes is from the paper of Wilkins et al. [59] who found 35 A î from the Patterson function. We have corrected this by adding 1 A î because of truncation error. Table 1 Gyration radius' R g , bilayer thickness parameter d g , steric bilayer thickness d L , surface area A L , bilayer polar region thickness d H and number N of water molecules intercalated in the polar region of extruded unilamellar diCn:0PC liposomes [20] are shown. The values marked by * were obtained by using the thermal expansion adjustment (Eq. 10) to the A L data. Furthermore, the correlation between d HH and d g could be used to obtain the bilayer structural parameters from the d g data via the known relations between them and d HH .
While the d HH parameter obtained from the Patterson function and corrected for the truncation error can be ascribed to the transbilayer distance of the electron dense phosphate groups, the molecular interpretation of the d g thickness parameter is not so straightforward. We have simulated the SANS on phosphatidylcholine liposomes in our recent papers [19, 40] using a model of polydisperse hollow spheres. When these spheres are dispersed in heavy water without any water molecules located in their bilayer, then the value of d g obtained by using Eqs. 3 and 4 is close to the thickness of such`dry' bilayer. Experimentally, we found in [19] that d g obtained from SANS data of unilamellar EYPC liposomes is equal within experimental error to the bilayer thickness estimated from the X-ray di¡raction data of fully hydrated £uid lamellar EYPC phase using Luzzati's model of di¡raction data evaluation [15] . However, this model is rather crude and far from reality because some amount of water is located in the polar region of the bilayer. In the following we thus develop a more realistic model for the SANS data interpretation.
Multishell model of polydisperse liposomes
We suppose that unilamellar liposomes are spherical. For the centrosymmetrical particles, the particle structure factor P(Q) is equal to the square of form factor, which is the one-dimensional Fourier integral of the scattering length density:
where the integration is over the whole space [52] . We suppose further, that each of the two monolayers in the bilayer in unilamellar liposomes consists of two shells. The polar head group shell containing the phospholipid polar head groups and some ¢xed number of water molecules N per phospholipid is characterized by the thickness d H and the non-polar hydrocarbon shell consisting of methylene and methyl groups of acyl chains is characterized by the thickness d C . The steric bilayer thickness is then:
We ¢nally suppose, that the neutron scattering length density (b i ), di¡erent for each shell of the bilayer, is homogeneous within each shell. The Fourier integral is thus divided into the integrals over the bilayer shells. Then the scattering intensity without the background can be calculated using equations:
where vb i = b w 3b i are the contrast values of neutron scattering length densities against aqueous phase (b w ) for the individual shells, and a i are borders of the shells. These equations are valid for a monodisperse system. However, experimentally prepared unilamellar liposomes have some degree of polydispersity [48,60^63] which can be described by di¡erent distribution functions. For example, in the previous SANS studies of unilamellar EYPC liposomes, Gaussian [19, 40, 41] and Schultzian [42, 45, 60, 64] size distributions were used. In the range of Q values used below, the particular distribution has practically no e¡ect on results obtained (Kuc erka et al., unpublished, see also [46, 64] ). In the present paper, we use for simplicity the Gaussian distribution in the form: where R 2 is the outer liposome radius, R 2Ymean is the mean outer radius of liposomes, and the polydispersity of liposome sizes is expressed by c R .
The neutron scattering intensity of model spherical polydisperse liposomes can be thus computer-simulated by summing over all individual intensities obtained from Eq. 7, and convoluted by the distribution function (Eq. 8) and the spectrometer resolution function [50] . The convolution by the distribution function smears totally the fast I(Q) oscillations dependent on the liposome radius [19, 40, 45] .
Simulation of scattering curves
As an illustration of the Kratky^Porod plot of simulated data, Figs. 4 and 5 show the results for diC16:0PC in 2 H 2 O at 50³C. In these simulations, we have used the values of neutron coherent scattering length densities of atoms published in [65] , the volume of the diCn:0PC polar head group (including glycerols and carbonyls) V H = 319 A î 3 [66, 67] and of the diC16:0PC hydrophobic region V C = V L 3V H = 913 A î 3 where V L = 1232 A î 3 is the diC16:0PC molecular volume estimated experimentally at 50³C [68, 69] . The volume of each 2 H 2 O molecule located in the polar shell V2 H 2 O = 30.338 A î 3 was the same as observed in bulk 2 H 2 O at 50³C [70] , i.e. we supposed that the partial speci¢c volume of water located in the bilayer is the same as in the bulk aqueous phase. Experimental ¢ndings support this assumption [19, 71] . In the distribution function (Eq. 8), we have used a parabolic relation between the mean outer liposome radius and c R found in our previous paper [19] . To illustrate the e¡ect of water intercalation into the polar region on the scattering function, we have ¢xed the value of diC16:0PC surface area on the bilayer^aqueous phase interface to the constant A L = 62.9 A î 2 and varied the number of water molecules N (Fig. 4) , and vice versa (Fig. 5) . It is seen that each simulated curve can be approximated by a linear function in the region of Q 2 values shown. In the selected range of Q values, we have also observed that the value of mean liposome radius typical of extruded liposomes (200 A î 9 R 2Ymean 9 500 A î ) has no e¡ect on the slope of this linear function for each combination of the bilayer thickness d L (or the lipid surface area A L ) and the number of water molecules 0 9 N 9 20 intercalated into the bilayer polar region studied. In analogy to the scattering on a planar two-dimensional sheet which thickness is small in comparison to its lateral dimensions, the root of absolute value of this slope is frequently named gyration radius R g . However, it should be clear that the value of R g is not equal to the gyration radius of lipid bilayer^it is just a measure of the slope of linear function approximating the ln[I(Q)Q 2 ] vs. Q 2 curve in the selected Q 2 range. We should like also to stress that the value of R g is dependent on the selection of this Q 2 range. Furthermore, it is seen from the simulated data in Figs. 4 and 5 that this slope is sensitive to both the number N of intercalated water molecules in the bilayer polar region and to the surface area A L (or the bilayer thickness d L ).
Evaluation of experimental data using the multishell model of polydisperse liposomes
The procedure of the evaluation of experimental data using the multishell model of liposomes is simple. In the ¢rst step the value of N is ¢xed. To calculate the contrast values of neutron scattering length densities vb i = b w 3b i against aqueous phase for the individual shells, the volumes of these shells must be guessed or known from independent volumetric experiments. The volumetric parameters used in the evaluation of the experimental data are collected in Table 2 . The molecular volumes V L of diC14:0PC, diC16:0PC and diC18:0PC were obtained from the absolute speci¢c volumes v L (estimated by a combination of neutral buoyancy method and di¡erential dilatometry in [72] ) as:
where M w is the phosphatidylcholine molecular weight and N A the Avogadro number. To obtain the hydrocarbon region volume V C (i.e. the sum of volumes of methyl and methylene groups of the lipid acyl chains), the volume of the head group V H = 319 A î 3 [66, 67, 73] was subtracted from the molecular volume V L . It is supposed that the head group volume is not in£uenced by the temperature and the acyl chain length of the lipid. Because of the absence of experimental volumetric data for diC12:0PC and diC10:0PC, the procedure was di¡erent. The temperature dependencies of experimental values of V C in the £uid phases of diC14:0PC, diC16:0PC and diC18:0PC were extrapolated to 20³C. Then these extrapolated values were plotted as a function of acyl chain length and extrapolated again to obtain the V C value for diC12:0PC. Using this procedure, we have found V C = 674 A î 3 and V L = V H +V C = 993 A î 3 . Using Eq. 9, we have obtained then v L = 0.962 ml/g for diC12:0PC at 20³C from the value of V L . Cornell and Separovic [74] used the value of v L = 0.9627 ml/g for diC12:0PC`at temperature 20³C above the phase transition' which is 31.75 þ 0.02³C according to [47] . Supposing that the volume of acyl chain methyl group V 3 = 1.9V 2 where V 2 is the volume of acyl chain methylene group [67] , one gets V 2 = 28.32 A î 3 and V 3 = 53.81 A î 3 for diC12:0PC at 20³C. A similar procedure gave V C = 561 A î 3 and V L = 880 A î 3 for diC10:0PC at 20³C. The volume of the water molecule located in the head group region was supposed to be the same as in the bulk aqueous phase and the volumetric data collected for heavy water in [70] were used. These results can now be used for comparisons with the results of other authors. To make these comparisons comfortable for readers of the present paper, we have approximated our results for A L and d L by polynomials and collected them in Table 3 . We have included in this table also the values of uncertainties vA L and vd L propagating from the experimental errors in R g values. As an example, we compare now our data for diC14:0PC with selected data from the literature. Koenig et al. [18] have obtained the value of A L = 59.5 þ 0.2 A î 2 extrapolated to zero osmotic pressure from X-ray di¡ractograms of the £uid diC14:0PC lamellar phase measured at di¡erent osmotic pressures at 30³C and evaluated according to Luzzati [15] . Petrache et al. [66] have found from the electron density pro¢les in the fully hydrated diC14:0PC bilayers in the lamellar £uid phase at 30³C that the number of water molecules penetrated into the bilayer polar region is N = 7.3, the lipid surface area A L = 59. 
where T is the absolute temperature and KWT0.00417 þ 0.00020 K 31 at 34³C [75, 76] , one obtains ¢nally from our data A L = 58.59 þ 0.30 A î 2 at 30³C. Nagle and Tristram-Nagle [20] corrected the data from [18] and [66] [22] for the £uid lamellar phase of perdeuterated diC14:0PC at 28.5³C seem to be underestimated. Similar comparisons can be done for other diCn:0PC liposomes studied and other literature data.
In the SAXS studies, the bilayer polar region thickness d H is frequently set to some constant value known from independent experiments or calculations to obtain the bilayer thickness from electron density pro¢le (see [20] for references). This constrain can be used also in the SANS data evaluation and it is possible then to obtain all three parameters N, A L and d L from SANS data simultaneously. Simply, from the dependencies of A L , d L , d H and d C on N obtained from SANS data as described above, only those combinations are selected where the polar region thickness is equal to the known or supposed d H value. The thickness of the polar region d H can be deduced from the data of other authors. Pabst et al. [24] extracted d H = 9.0 þ 1.2 A î from the neutron diffraction data of oriented and partially hydrated diC16:0PC bilayers published in [27, 28] . McIntosh and Simon [77] estimated d H = 10 A î from space-¢ll-ing models of PC. Nagle et al. [69] used d H = 8 A î for £uid diC16:0PC bilayers and Petrache et al. [73] d H = 9 A î for £uid diC14:0PC and EYPC bilayers. We have used in our calculations d H = 9.0 þ 1.0 A î which covers practically all the literature data. We have obtained then the values of N, A L and d L sum- [18, 20, 29, 66] . There is also good agreement between our value of N = 7.37 þ 1.94 and the values of N = 9.7 þ 0.5 and N = 8.6 þ 1.9 estimated in the £uid diC14:0PC bilayers by solid state NMR spectroscopy [78] and radiolabel centrifugal technique [79] , respectively. The estimated lipid surface area A L increases with the increase of the lipid acyl chain length (see Table  1 ), but this is mainly caused by the fact that the temperature at which the samples were measured increased in the same direction. The increased temperature increases the probability of gauche rotamers formation in acyl chains [80] and this results in the increased lipid surface area. To compare the values of A L at the same temperature, we have applied the thermal expansion adjustment (Eq. 10) to these data. When using the thermal expansivity K = 0.003 K 31 , the ranges of lipid surface area for diC12:0PC, diC14:0 and diC18:0PC overlap at 60³C (Table 1) . However, when higher value K = 0.00417 K 31 is used, then the obtained data indicate a decrease in A L with the increase of acyl chain length at this temperature (Table 1) . Morrow et al. [81] have observed using 2 H NMR spectroscopy of fully hydrated chain perdeuterated diCn:0PC multilamellar liposomes that the inverse acyl chain extension per acyl chain segment along the bilayer normal (which is proportional to the lipid surface area) increases with the acyl chain length at temperatures where all studied lipids (acyl chain lengths n = 12, 14, 16, 18) are in the £uid phase, including at 60³C. Combining this with our results, one can conclude that more reliable results are those obtained with higher K value. The decrease of A L with n can be expected^the van der Waals attraction between the acyl chains should increase with the acyl chain length, and this decreases the lipid surface area.
It should be noted that the d H values used above were obtained in lamellar phases of PCs, where the phosphocholine group of diCn:0PC orients predominantly parallel to the bilayer plane. However, the phosphocholine group can rotate from this position and orient perpendicularly to the bilayer plane extending about 2^3 A î farther into the aqueous phase. This might occur more frequently in unilamellar liposomes [82, 83] . The value of d H used in evaluation of data obtained with unilamellar liposomes must be therefore checked in another way. We have done this by a joint evaluation of SAXS and SANS data.
Simultaneous evaluation of SANS and SAXS data
In the simultaneous evaluation of the SAXS and SANS data the distance between the phosphate group and the boundary between the polar and hydrocarbon region of the bilayer:
is needed. Lewis [73] . Later, Nagle and Tristram-Nagle [20] have concluded that this latter value was too small and have used d H1 = 4.9 A î for bilayers in £uid lamellar phases of diC14:0PC, diC16:0PC, EYPC and dioleoylphosphatidylcholine (see chapter 13 and table 6 in [20] ). When trying to evaluate simultaneously the SANS and the SAXS data obtained with unilamellar liposomes for the all diCn:0PC liposomes studied, we have found that different d H1 values had to be used for liposomes prepared from di¡erent diCn:0PC lipids. Our procedure of joint SANS and SAXS data evaluation was simple. First, the distance d H1 was set to some ¢xed value from the interval 4.1 A î 9 d H1 9 5.5 A î and the surface area was calculated as:
where d HH and V C used were from Tables 1 and 2 , respectively. Using this surface area, the number of water molecules N intercalated in the bilayer polar region was obtained from the dependencies of A L on N like in Fig. 6 or in Table 3 . Then the polar region thickness was obtained as:
where V L , V C and V W used were from Table 4 . It is seen that the spread of obtained distances between the phosphate group and the boundary between the polar and hydrocarbon region of the bilayer is closer to the lower limit of d H1 interval taken into account in case of short chain lipids (diC12:0PC and diC14:0PC), while it is closer to the higher limit in case of long chain lipid (diC18:0PC). This might indicate that this part of bilayer polar region is more conformationally disordered in short chain lipids. The spread in the obtained d H values is 9 3 A î for each lipid and there is a tendency of the decrease in d H with the increase in lipid acyl chain length. This might be another indication of lower conformational disorder in the polar region of diC18:0PC bilayers. The higher limit of obtained d H values for diC12:0PC and diC14:0PC (but not for diC18:0PC) bilayers in unilamellar liposomes is larger than that in the £uid lamellar phases discussed above. This might indicate higher probability of phosphocholine group rotation in the position perpendicular to the bilayer plane. The ranges of allowed number of water molecules N obtained were rather broad but never reached the constrained limits. The estimated lipid surface area A L increases with the increase of the lipid acyl chain length (see Table 4 and Fig. 7, symbols 8 ), but this is caused by the temperature e¡ect as discussed above. When using the thermal expansivity K = 0.00417 K 31 , the ranges of lipid surface area for diC12:0PC, diC14:0 and diC18:0PC obtained from the joint SANS and SAXS data indicate a decrease in A L with the increase of acyl chain length at 60³C (Table 4 and Fig. 7 , symbols U). This trend is more expressive when the A L value of C10:0PC unilamellar liposomes evaluated from the SAXS data is taken into Table 3 Dependencies of A L and d L on N obtained from SANS data Table 4 The diCn:0PC bilayer structural data account. To do this, we have supposed that the distance between the phosphate group and the boundary between the polar and hydrocarbon region in these liposomes is close to that found in diC12:0PC and diC14:0PC liposomes. The range of A L values thus obtained from the SAXS d HH value and extrapolated to 60³C by using thermal expansivity K = 0.00417 K 31 is rather large, nevertheless it ¢ts into a decreasing tendency of A L with the acyl chain length. We have included in Table 4 and Fig. 7 also the data for fully hydrated £uid lamellar phases of diC14:0PC and diC16:0PC published in [20] . After extrapolation to 60³C, these data ¢t well to our dependencies of A L on acyl chain length (Fig. 7 , symbols E). In Table 4 and Fig. 7 , shows also a very good agreement between our A L results obtained from the joint evaluation of SAXS and SANS data of diC14:0PC unilamellar liposomes and that published by Nagle and Tristram-Nagle in [20] for the £uid lamellar phase of diC14:0PC. However, we have obtained d H1 = 4.19^4.73 A î for this lipid in unilamellar liposomes, while Nagle and Tristram-Nagle [20] used d H1 = 4.9 A î in the £uid lamellar phase. This result could indicate that the lipid surface area is the same both in the unilamellar liposomes and in the lamellar phase, though the conformation disorder in the polar part of the bilayer might be slightly di¡er-ent in these systems. This conclusion is further supported by the comparison of diC16:0PC data (see Table 4 ). The best agreement between the A L values extrapolated to 60³C has been obtained supposing d H1 = 4.6 A î in unilamellar liposomes, while the data of lamellar phase were obtained using d H1 = 4.9 A î . It is also seen from Table 4 that small changes in d H1 bring about relatively large changes in the extrapolated values of A L .
The precision of the results obtained from the simultaneous evaluation of SANS and SAXS would be higher when more precise SAXS were available. The SAXS experiments have one disadvantage^the low contrast between phospholipid bilayer and the aqueous phase. In the case of unilamellar liposomes, sucrose solutions can su¤ciently increase the contrast without in£uence on the bilayer thickness [84^86] . In future studies SANS and SAXS data obtained with liposomes suspended in aqueous sucrose solution and evaluated as shown in the present paper could provide a very detailed picture of the lipid bilayer.
Conclusions
We have shown that the SANS on extruded unilamellar phosphatidylcholine liposomes dispersed in heavy water provides data that can be used in combination with the volumetric data to obtain the steric bilayer thickness, the lipid surface area at the bilayer^aqueous phase interface, and the number of water molecules intercalated in the bilayer polar region. We have also shown how the joint evaluation of SANS and SAXS on unilamellar liposomes can be used to obtain thicknesses of the bilayer polar and hydrophobic regions, and the distance between the phosphate group and the boundary between the polar and hydrocarbon region of the bilayer. We have used a rather simple step function model of bilayer neutron scattering length density in combination with experimental volumetric data. An obvious extension of this model would be a model with di¡use steps of scattering length densities to simulate £uctu-ations in the bilayer thickness and in positions of lipid groups. An important extension would be a non-homogeneous distribution of water molecules in the bilayer polar region. Also deviations of the liposome shapes from the spherical symmetry and non-Gaussian distributions of liposome sizes could be taken into account. This work is in progress in our group. Table 1 , (U) values extrapolated to 60³C by using K = 0.00417 K 31 , (E) values obtained from the data of Nagle and Tristram-Nagle [20] . The values U at n = 16 were obtained by using d H1 = 4.6 A î .
